Mucosal defense networks are characterized by a multifaceted interplay between epithelial, inflammatory, and immune cells that works to control and eradicate pathogens encountered in the environment. Epithelial cells are typically the first host cell type to come into contact with potential microbial invaders. This places them in a unique position to contribute to innate defense.
Each year, an estimated 150 million humans worldwide develop UTI 1 (1) . The majority of UTIs are caused by uropathogenic strains of Escherichia coli (UPEC) (2) . To establish disease in the urinary tract, UPEC must bind to bladder epithelial cells. Type 1 fimbriae are extracellular organelles expressed by UPEC that are critical for this interaction (3) . The distal tip of type 1 fimbriae contains FimH, an adhesin that binds to mannosylated receptors on the luminal surface of the bladder epithelium (urothelium) (4). Binding is followed by invasion (5, 6) .
The consequences of FimH-mediated attachment have been explored in a mouse model. Transurethral inoculation of a FimHϩ clinical isolate of UPEC (NU14) into the bladders of adult female C57Bl/6 mice results in rapid loss of the superficial facet cell layer of the urothelium. Scanning EM of mouse bladders harvested 2 h after inoculation reveals numerous bacteria attached to an intact urothelial surface. Six hours after inoculation, exfoliation of bacteria-laden superficial facet cells occurs, exposing underlying, less differentiated intermediate cells. Exfoliation is part of an innate host defense mechanism that helps clear bacteria from the bladder. Intermediate cells rapidly differentiate to superficial facet cells over the course of the next 12-48 h. After 7 days, the urothelium appears to be fully restored based on histologic criteria. In contrast, an isogenic FimHϪ UPEC mutant (NU14-1) fails to attach to the urothelium, is unable to colonize the bladders of adult female mice, and does not elicit exfoliation or significant inflammation (5) .
The rapid regenerative response to FimHϩ UPEC-mediated injury contrasts with the slow turnover of the undamaged urothelium (estimates range up to 40 weeks) (7) . The pseudostratified transitional urothelium normally supports a continuum of differentiation as cells move from its basal, to intermediate, to surface layers. Differentiation is associated with repeated cell fusions and increasing ploidy; basal cells are diploid, whereas the nuclei of the large superficial facet cells are octoploid or higher (8) . The basal layer functions as the proliferative compartment (mitotic labeling index ϭ 0.11%) (7) . The remarkably slow pace of renewal of the undamaged urothelium has impeded efforts to identify the molecular factors that control this process.
In this report, we describe how a functional genomics-based analysis of the host response to isogenic FimHϩ and FimHϪ UPEC infection of the mouse bladder has revealed an intricate network of molecular regulators and effectors of urothelial regeneration, pro-inflammatory responses, and barrier functions.
EXPERIMENTAL PROCEDURES
Profiling Gene Expression Using DNA Microarrays-NU14 (fimHϩ) and NU14-1 (fimHϪ) strains were grown as described (3). 8 -10-weekold female C57Bl/6J mice (The Jackson Laboratories) were inoculated, via transurethral catheterization, with 50 l of a suspension of 10 8 colony-forming units of NU14 or NU14-1 in phosphate-buffered saline (5) . Total cellular RNA was isolated (RNeasy kit, Qiagen) from bladders of mice sacrificed prior to and 1.5 or 3.5 h after inoculation (n ϭ 10 mice/time point/bacterial strain/experiment; n ϭ 2 independent experiments). Equivalent amounts of RNA from each mouse in each group/ experiment were pooled and biotinylated cRNA targets prepared (9) .
Each cRNA target was hybridized to Mu11K GeneChips (Affymetrix). GeneChip software was then used to compute an average fluorescence intensity across all probe sets on the GeneChips. The signal produced by each probe set on a chip was then multiplied using a "scaling factor" so that the average chip-wide intensity matched a specified intensity. As recommended by Affymetrix, we scaled the overall fluorescence intensity across each chip to an intensity of 1500 prior to conducting the pairwise chip-to-chip comparisons with GeneChip software.
We followed the recommendation of the manufacturer to exclude genes whose expression changed less than 2-fold in single chip-to-chip comparisons. Several papers have established this threshold as a standard (10 -13) . In addition, we required that the change be Ն2-fold in the same direction (increased or decreased) in FimHϩ relative to FimHϪ UPEC-infected bladders in duplicate biological experiments.
SYBR Green-based Real Time Quantitative PCR (qRT-PCR)-Additional groups of age-matched female C57Bl/6 mice were infected with FimHϩ or FimHϪ UPEC strains for 6 h, 24 h, and 7 days (n ϭ 4 animals/time point/strain). Bladder RNAs were pooled as above and used for qRT-PCR studies. For the 0-, 1.5-, and 3.5-h time points, qRT-PCR assays were performed using the same RNAs employed for the DNA microarray analysis. cDNAs, produced from the 0-, 1.5-, 3.5-, 6-, and 24-h and 7-day time points, were added to 25-l qRT-PCRs containing 12.5 l of 2ϫ SYBR Green master mix (Applied Biosystems), 900 nM gene-specific primers (see on-line supplemental tables for a list), and 0.25 units of UDP-N-glycosidase (Invitrogen). A melting curve was used to identify a temperature where only the amplicon, and not primer dimers, accounted for the SYBR Green-bound fluorescence. Assays were performed in triplicate with an Applied Biosystems model 7700 instrument. All data were normalized to an internal standard (glyceraldehyde 3-phosphate dehydrogenase mRNA; ⌬⌬CT method, User Bulletin 2, Applied Biosystems).
In Situ Hybridization and Immunohistochemical Analyses-Bladders from uninfected mice, plus bladders from mice sacrificed 3.5 and 6 h after inoculation with NU14 or NU14-1, were fixed in Bouin's solution (overnight, 4°C). Bladders from each group of mice were embedded together in paraffin, and serial 5-m thick sections were prepared.
For in situ hybridization analysis, sections were deparaffinized (Trilogy kit, CellMarque), incubated (15 min, 23°C) with proteinase K (Roche Molecular Biochemicals; 5 g/ml phosphate-buffered saline), and processed according to Ref. 14. Digoxigenin-UTP-labeled cRNA and control mRNA probes were prepared by T7 or SP6 RNA polymerase transcription of linearized plasmids containing double-stranded cDNAs encoding mouse Bmp4 (pBmp4), BmpRIa (pBmprIa; both from Brigid Hogan, Vanderbilt University), Wnt5a (pGEMwnt5a; Andrew McMahon, Harvard University), plus Dll1 (pCS2Delta, Raphael Kopan, Washington University). Protocols for probe hybridization and subsequent detection (tyramide signal amplification-direct method) are detailed in Ref. 14. Sections adjacent to those used for in situ hybridization were prepared for immunohistochemical studies by de-paraffinization with xylene, rehydration, and preincubation (15 min, 23°C) with blocking buffer (1% bovine serum albumin, 0.3% Triton X-100 in phosphatebuffered saline). Sections were then stained with the following antibodies: (i) mouse monoclonal antibody (mAb) to uroplakin III (Research Diagnostics); (ii) rabbit polyclonal antibodies to aquaporin 3 (Ref. 15 ; obtained from Kuniaki Takata, Gunma University; diluted 1:500 in blocking buffer); (iii) mouse mAb to cytokeratins 5/6 (clone D5/16B4; Chemicon; 1:500); (iv) rabbit antibodies to mouse claudin-4 (Ref. 16 ; from Mikio Furuse, Kyoto University; 1:1000); (v) rabbit anti-human phospho-Smad1 (Upstate Biotechnology, Inc.; 1:500); (vi) rabbit antibodies to purified E. coli FimH adhesin (Ref. 3; 1:500). Antigen retrieval protocols were used to detect cytokeratins 5/6 (17) . Antigen-antibody complexes were visualized with Cy3-or FITC-conjugated sheep antimouse Ig or FITC-labeled donkey anti-rabbit Ig (Jackson ImmunoResearch; 1:1000).
RESULTS AND DISCUSSION
High density oligo-based DNA microarrays, containing probe sets representing ϳ11,000 mouse genes and expressed sequence tags, were used to compare gene expression in the bladders of adult female mice prior to and 1.5 and 3.5 h after exposure to isogenic FimHϩ or FimHϪ strains of UPEC. We selected these early time points to assay how the urothelium prepares for exfoliation and subsequent replacement of its superficial facet cells. Furthermore, at these time points there is little change in the cellular composition of the urothelium; infiltration of inflammatory/immune cells is not a prominent feature of the host response until 6 h after inoculation of FimHϩ UPEC (18) .
We chose DNA microarrays to initiate our analysis because (a) the outcomes of FimHϩ and FimHϪ UPEC infection in this genetically defined mouse model are markedly divergent and predictable, and (b) there was scant prior information to guide investigation into the molecular determinants of the host response.
RNA was prepared from the bladders of age-matched mice inoculated with 10 8 colony-forming units of either UPEC strain (n ϭ 10 animals/group/time point). Equivalent amounts of RNA from each mouse per group per time point were pooled; cRNAs were generated and used to interrogate DNA microarrays. The biological experiment was repeated on two separate occasions so that replicate cRNAs for bladders infected with each bacterial strain at each time point could be hybridized to separate sets of microarrays. Comparisons of bladder RNAs from FimHϩ versus FimHϪ UPEC-infected mice were performed with the FimHϪ UPEC microarrays designated as "Base line." Data sets were generated by extracting all mRNAs that satisfied the following selection criteria: (a) called "Present" in either microarray (base line or partner); (b) levels changed Ն2-fold (increased or decreased) in FimHϩ compared with FimHϪ UPEC-infected bladder RNA at the 1.5-h and/or 3.5-h time points; and (c) the increase or decrease in expression at a given time point was reproduced in duplicate experiments.
A total of 56 genes satisfied all of these selection criteria. This includes five expressed sequence tags. They are grouped into functional categories in Table I . The largest category contained genes associated with cellular differentiation and proliferation. The table also presents DNA microarray-based comparisons of the expression of these 56 genes in FimHϩ UPECinfected versus uninfected bladder RNA. More information about these data sets, including additional annotation with hyperlinks to relevant literature citations, can be found in the on-line supplementary tables.
Real time quantitative RT-PCR (qRT-PCR) was used to independently verify the change in levels of selected mRNAs from each functional category. To define the evolution of the host response, the qRT-PCR survey was extended to bladder RNAs prepared from mice sacrificed 6 h, 24 h, and 7 days after inoculation of the two UPEC strains (n ϭ 4 animals/time point/ experiment). The 6-h time point was selected because it represents the period of exfoliation of superficial facet cells and exposure of underlying intermediate cells. The 24-h time point represents the period of generalized differentiation of intermediate to superficial facet cells. Seven days represents the time of histologic restoration of the urothelium. As described below, these analyses have revealed a host response characterized by prominent changes in expression of molecular regulators and effectors of (a) epithelial differentiation and proliferation, (b) proinflammatory and apoptotic responses, and (c) barrier function.
Promoting Urothelial Differentiation by Relieving Inhibition of Transforming Growth Factor-␤ and Wnt5a/Ca 2ϩ Pathways
Bmp4 -Bone morphogenetic protein 4 (Bmp4) is a member of the transforming growth factor-␤ (Tgf-␤) superfamily of secreted signaling molecules and acts as a negative regulator of differentiation in a number of cellular systems (e.g. Refs. 19 and 20) . Bmp4 is expressed in mesenchymal cells surrounding the ureteric bud stalk in the developing urinary tract and may act as an inhibitory factor to limit the sites of ureteral branch formation (21) .
Bmp4 mRNA levels decline rapidly during the early phases of FimHϩ UPEC infection, reaching a nadir at 6 h (Fig. 1A) . In situ hybridization studies revealed that Bmp4 mRNA is localized to the mesenchyme underlying the normal bladder urothelium and that FimHϩ UPEC infection promotes a decline in mRNA levels within this cellular compartment (Fig. 1B) . Multilabel immunohistochemical studies indicated that bacteria are not detectable in the mesenchyme or in the overlying intermediate and basal cells (Fig. 1C) .
Bmp4 binds to and signals through two serine/threonine kinase receptors, BmpRIa and BmpRIb (22) . Only BmpRIa mRNA was detectable by qRT-PCR in the bladders of normal uninfected animals as well as in mice infected with either strain of UPEC. In situ hybridization disclosed that BmpRIa is expressed in the urothelium. qRT-PCR and in situ studies indicated that receptor mRNA levels did not change appreciably upon exposure to the FimHϩ strain (data not shown).
Bmp4 binding to the receptor leads to its activation, resulting in phosphorylation of a BMP signal transducer, Smad1, and subsequent transactivation of target genes (23, 24) . Immunohistochemical studies revealed that 6 h after infection, phospho-Smad1 levels were decreased in intermediate and basal cells (Fig. 1D) , providing direct evidence for reduced signaling. The FimHϪ mutant produced negligible alterations in expression of components of the Bmp4 pathway (Fig. 1, A, B, and D) .
Genetic studies in Drosophila have demonstrated an important role for heparan sulfate proteoglycans in regulating Tgf-␤/Bmp activity (25) . Bmp4 binds to heparin with high affinity in vitro (26) . Moreover, a loss-of-function mutation in the heparan sulfate proteoglycan, glypican-3, appears to potentiate cellular responses to Bmp4 in the developing mouse limb (27) . Intriguingly, DNA microarray and qRT-PCR analyses disclosed that FimHϩ but not FimHϪ UPEC induces a pronounced increase in expression of heparan sulfate D-glucosaminyl-3-Osulfotransferase 1 (3-Ost1), an enzyme that catalyzes terminal modification of the heparan sulfate chain (28) . This response peaks 6 h after infection (18-fold rise relative to uninfected Wnt5a-The Wnt family of secreted glycoproteins binds to frizzled (Fz) receptors. Two Wnt pathways are known: a "classical" pathway that signals through ␤-catenin and high modality group box transcription factors, and a more recently described, non-canonical pathway (29) where Wnt5a:Fz(3/4/6)-stimulated increases in intracellular Ca 2ϩ leads to activation of protein kinase C and Ca 2ϩ /calmodulin-dependent protein kinase II (CamKII) (30, 31) . Forced expression of Wnt5a delays chondrocyte differentiation in the developing chick limb (32) .
qRT-PCR revealed that the normal mouse bladder expresses Fz receptors 3, 4, and 6. Although levels of these mRNAs do not change after infection with either bacterial strain (data not shown), infection with FimHϩ UPEC leads to a progressive reduction in Wnt5a expression (Fig. 2A) . In situ hybridization studies established that Wnt5a mRNA is present in all layers of the urothelium in uninfected mice and that 6-h post-inoculation Wnt5a mRNA levels are lower in the intermediate cells of FimHϩ versus FimHϪ UPEC-infected (and uninfected) bladders (Fig. 2B) . This FimHϩ-associated decline in Wnt5a expression is accompanied by reduced expression of known downstream targets of the non-canonical Wnt pathway, protein kinase C␦ and CamKII␦ (Table I ; Fig. 2C) .
Thus, within a remarkably short time after FimHϩ UPEC enters the bladder, and well before superficial facet cells exfoliate, a concerted host response is initiated involving diminution of inhibitory signals from urothelial based Wnt5a and mesenchymal based Bmp4 pathways. Such a response would prepare basal and intermediate cells for subsequent differentiation so that they can replace soon to be lost superficial facet cells.
Delta-like 1 (Dll1)-Delta/Notch signaling is involved in regulating cell fate specification in a number of developing tissues (33) . qRT-PCR studies indicated that the normal mouse bladder supports expression of Notch receptors 1-3. Their expression remains constant throughout the course of FimHϩ UPEC infection. Delta-like 1 (Dll1) is a ligand for Notch receptors (34 -36) . Increased Dll1 expression has been associated with down-regulation of Notch signaling and attendant promotion of cellular differentiation (37, 38) . Dll1 mRNA levels increase rapidly following infection with the FimHϩ strain, peaking at 3.5 h (15-fold higher than uninfected bladders) and then declining to base line 7 days later. In contrast, infection with isogenic FimHϪ bacteria does not induce a Dll1 response (Fig.  3A) . In situ hybridization disclosed that Dll1 mRNA is localized to the basal and intermediate cell layers of the normal mouse bladder urothelium and that levels rise in these layers shortly after introduction of FimHϩ UPEC (Fig. 3B) . The microbial regulation of Dll1 transcription is intriguing, but this result needs to be viewed with caution. Unlike the Bmp4 and Wnt5a responses, we have yet to obtain direct evidence that downstream components of the pathway are affected, e.g. qRT-PCR revealed that expression of hairy-enhancer of split 1 (Hes1) and Hes5, two basic helix-loop-helix repressors known to be transcriptionally regulated by Notch signaling (39), did not change during FimHϩ UPEC infection (data not shown).
Elf3, a Potential Link between the Regulation of Epithelial Differentiation and Pro-inflammatory Responses
Elf3 is a novel, epithelial specific member of the ETS transcription factor family. Elf3 transactivates a number of genes involved in keratinocyte differentiation (40, 41) . Infection with the FimHϩ strain produces a rapid increase in Elf3 mRNA levels that peaks at 3.5 h (9-fold higher than in normal uninfected bladder). There is no appreciable Elf3 response after inoculation with the FimHϪ strain (Fig. 4A) .
iNOS is an Elf3 target (42) . qRT-PCR disclosed a marked 22-fold increase in iNOS mRNA levels 6 h after introduction of the FimHϩ strain (Fig. 4B) . As noted in the Introduction, exfoliation of superficial facet cells appears to be a primary innate host defense response to FimHϩ UPEC infection, serving to eliminate the bulk of adherent bacteria (5). The product of iNOS, nitric oxide (NO), is a potent bacteriostatic agent (43) . Thus, iNOS activation in the urothelium (44) can be viewed as an additional component of innate host defense, with secretion of NO serving to combat remaining adherent and/or non-adherent UPEC.
Proliferation
The initial urothelial reaction to FimHϩ UPEC infection includes activation of a series of genes involved in immediate early responses, including c-myc, Erg1, Erg2, plus components of the activator protein-1 (AP-1) complex (junB and c-fos) (Table I). Induction of these genes within 3.5 h after FimHϩ UPEC infection could set the stage for the enhanced cellular proliferation required to renew the urothelium after loss of superficial facet cells.
FimHϩ UPEC also induces two members of the EGF family of mitogenic factors: epiregulin and HB-EGF (Table I ). In keratinocytes, epiregulin is induced by HB-EGF (45). qRT-PCR disclosed that the induction of HB-EGF mRNA is an early response (6 -8-fold increase relative to uninfected bladder during the first 6 h following inoculation) and is short lived (levels return to base line within 24 h; data not shown). HB-EGF is expressed in the bladder urothelium of humans and is present in the urine of patients with acute bacterial cystitis (46) . As with other categories of the host response, the HB-EGF reaction to FimHϪ UPEC was negligible (data not shown).
Regulators and Mediators of Pro-inflammatory Responses
FimH-dependent attachment is associated with the early induction of genes involved in other components of host defense. These include CC and CXC chemokines (Mcp-1, Gro1, and Mip-2), regulators of cytokine signaling (Socs3 and Cebp/␦), regulators of the NFB pathway (IB and Bcl3), and elements of acute phase/stress responses (Saa3, Atf3, Myd116, and Myd118) ( Table I) . IL-6, a prominent regulator of proinflammatory responses, was induced 12-fold, 3.5 h after FimHϩ UPEC infection. The IL-6 response to UPEC infection has been well characterized in previous studies (47, 48) .
Mip-2, the mouse ortholog of human IL-8, is a potent epithelial chemoattractant for neutrophils; mice injected with antibodies to Mip-2 prior to infection with UPEC have defective neutrophil migration (49) . qRT-PCR established that Mip-2 mRNA concentrations rise rapidly after inoculation of FimHϩ UPEC; levels are 1000-fold higher than in uninfected normal bladders at 1.5 h and 20,000-fold higher at 6 h (Fig. 5A) . The peak at 6 h coincides with a massive influx of neutrophils into the urothelium. In contrast, the Mip-2 response is very diminutive after inoculation with the FimHϪ strain, consistent with its inability to persist in the bladder and elicit a host inflammatory response (18) .
C/ebp␦ gene transcription is strongly up-regulated by bacterial lipopolysaccharide and by cytokines (e.g. IL-6) (50). Moreover, C/ebp␦-binding motifs have been identified in the transcriptional regulatory regions of cytokine genes (e.g. IL-6 and IL-8) (51), suggesting a feedback loop between C/ebp␦ activation and cytokine activation. Within 1.5 h after introduction of FimHϩ UPEC, C/ebp␦ mRNA levels rise 30-fold (relative to uninfected bladder RNA). Levels peak at 6 h and then decline sharply (Fig. 5B) . The response of C/ebp␦ to the isogenic FimHϪ strain is more transient and less pronounced (Fig. 5B) . C/ebp␤, a related molecule important for macrophage activation (52) , is also induced within 3.5 h after infection with FimHϩ UPEC (Table I) .
Bcl3 mRNA encodes a transcriptional co-activator that interacts directly with p50/p52 homodimers of NFB (53) . Bcl3 Ϫ/Ϫ mice are unable to mount a potent immune response to infection with Listeria monocytogenes and Streptococcus pneumoniae (54) , indicating that Bcl3 plays an important role in regulating the host response to bacterial infection. Bcl3 mRNA levels rise 20-fold 1.5 h following inoculation of FimHϩ UPEC, peak at 6 h (60-fold increase), then return to base line (Fig. 5C ). Bcl3 may link two components of the urothelial response to UPEC, proinflammatory and proliferative since Bcl3 also interacts with the AP-1 complex (55).
Socs3 is a member of a family of feedback inhibitors of JAK/STAT-cytokine signaling pathways. Socs3 gene transcription is induced by a number of cytokines including IL-6, whereas its protein product inhibits IL-6 signal transduction (56, 57) . FimHϩ UPEC elicits a progressive and marked increase in Socs3 mRNA levels during the early stages of infection (78-fold relative to uninfected bladders at 1.5 h; 205-fold at 6 h; Fig. 5D ). The Socs3 response to the FimHϪ strain is considerably more modest (Fig. 5D) . Following superficial facet cell exfoliation, a subpopulation of FimHϩ UPEC is able to gain access to deeper layers of the urothelium where the organism can persist for months (58) . Modulation of the inflammatory response by Socs3 could represent a specific manipulation by the pathogen designed to enhance its survival.
Apoptosis
FimHϩ UPEC induces an apoptotic response in the superficial cells that precedes exfoliation. When this response is blocked with a pan-caspase inhibitor, exfoliation is delayed, as is clearance of UPEC (5) . DNA microarray analysis disclosed a FimHϩ associated increase in the expression of several apoptotic regulators within 3.5 h of infection. One regulator, T-cell death associated gene 51, is required for the T-cell receptor-dependent induction of Fas/CD95 that eliminates activated Tcells following an immune response (59) .
Another regulator, A20, inhibits tumor necrosis factor ␣-induced programmed cell death, as well as NFB activation. Recent studies of A20Ϫ/Ϫ mice have established the essential role of this zinc finger protein in restricting spontaneous innate immune responses and tissue destruction by terminating NFB responses (60) . qRT-PCR confirmed a marked, FimH-dependent increase in A20 mRNA levels that peaks at 1.5 h (15-fold compared with uninfected bladder; data not shown). A20 could affect the pathogenesis of FimHϩ UPEC both by modulating the timing and magnitude of FimHϩ-dependent urothelial death and by acting in concert with other molecules (e.g. Socs3) to regulate inflammation.
Cell-Cell Contacts and Barrier Function
The urothelial barrier is remarkably impermeable to water and solutes. Tight junctions in polarized epithelial cells create a primary barrier to paracellular transport of solutes and are formed, in part, by occludins and members of the claudin superfamily (16) Ions and other molecules are directly exchanged between cells through highly permeable membrane channels that are located at gap junctions and composed of integral membrane proteins known as connexins (62) . qRT-PCR revealed that Cx26 is expressed in the normal urothelium and that there is a rapid FimHϩ-dependent induction peaking 6 h after inoculation (data not shown). Cx26 is known to be induced in keratinocytes located proximal to the edge of wounds (63) . Urokinase plasminogen activator receptor, which is expressed at the edge of wounds (64) , also undergoes FimHϩ-dependent induction (Table I). These findings suggest that elements of wound repair pathways may operate to restore a damaged urothelial barrier.
Prospectus
Our comparison of isogenic FimHϩ and FimHϪ strains of UPEC emphasizes the importance of FimHϩ-mediated attachment in the pathogenesis of acute bacterial cystitis. The more diminutive response elicited by the non-binding FimHϪ strain underscores a general question in the field of cellular microbiology. Does the ability of an organism to bind to a target host cell produce a more robust host response because greater numbers of bacteria are available at the host cell-microbial interface to deliver a constitutively expressed signal, or does binding induce qualitative/quantitative changes in microbial gene expression that promote more efficient signaling to the host? Answering this question requires development of methods that will allow simultaneous monitoring of bacterial and host gene expression during the course of FimHϩ and FimHϪ UPEC infection. Nonetheless, our analysis of the host response to isogenic virulent and avirulent strains of UPEC has disclosed new molecular regulators and effectors that underlie development and defense of the epithelial target of the bacterium. The results provide a molecular foundation that should be useful for evaluating the impact of genetic or pharmacologic manipulations of specified host and microbial factors on the initiation, progression, and outcome of urinary tract infection.
In addition to UPEC, other factors, such as mechanical manipulations that result in forced distension of the bladder, are known to induce exfoliation of the superficial facet cell layer with subsequent urothelial regeneration. Since there is little information available about the molecular mediators of the responses to these stimuli (65, 66) , it will be interesting to apply the functional genomics approach described above to identify similarities and differences in the molecular underpinnings of the urothelial regenerative responses.
Finally, the ability of UPEC to accelerate the normally slow process of urothelial renewal has implications for non-infectious diseases. For example, knowing that components of the Tgf-␤ or Wnt/Ca 2ϩ pathways are involved in the transition from basal/intermediate cells to terminally differentiated superficial facet cells may provide a new reference frame for classifying pre-neoplastic and neoplastic lesions of the urothelium. It also sets the stage for genetic tests of the role of these pathways in urothelial tumorigenesis.
